Objective analysis versus subjective assessment of vowels pronounced by deaf and normalhearing children Pols, L.C.W.; Bakkum, M.J.; Plomp, R.
I. Notations, keywords, durations, and frequencies of the fundamental, the first formant, and the second formant of 15 Dutch vowels (12 monophthongs and 3 diphthongs). Though Dutch vowel pronunciation differs strongly from English (with regard to articulatory as well as to durational properties), keywords are given with reasonable articulatory similarity. Means and standard deviations of measured values are given for two different groups of speakers: 24 norm and 24 deaf children. Also given are the values averaged over all 15 vowels. as well as girls, normal hearing as well as deaf. It is interesting to find out whether the promising results for adult males (Bakkum et al., 1993) could also be achieved for children. A comparison has been made between the wholespectrum approach and formant analysis, based on a robust LPC algorithm (linear prediction coding; Markel and Gray, 1976) . This comparison was meant to clarify theoretical as well as practical implications of both approaches. With regard to the whole-spectrum analysis, an important question was the influence of the high fundamental frequency in children's speech, resulting in the absence of harmonics in some of the lower filter bands.
Previous research on vowel production by deaf children was generally based on formant analysis (cf. Angelocci et al., 1964; Monsen, 1978) and revealed a reduction of the F 1 -F2 range compared to that of normal-hearing children.
For adult males, such a reduction of "deaf" vowels was also shown when applying the whole-spectrum+PCA approach (Bakkum et al., 1993) . Perceptual experiments (cf. Smith, 1975; Gold, 1980; Levitt and Stromberg, 1983 ) also revealed that deaf vowels often showed reduction: They are confused with vowels with more central positions in the F I-F2 domain.
The present study extends this work by considering the possible confusions, as obtained from an identification experiment on the children's vowels. A representation of all vowels in a perceptual space could be achieved by applying a multidimensional-scaling technique (cf. Kruskal, 1964a,b) to the confusion matrix. As Klein et al. (1970) have shown, such a representation in two dimensions may be compared with two-dimensional representations from objective analyses (formants, PCA). Our listeners also subjectively assessed the children's vowels by a magnitude estimation of pronunciation quality. By comparing this subjective assessment with the objective results, the value of the objective approaches could be investigated.
The high fundamental frequencies of children's vowels may cause the problem that no harmonics are present in particular lower filter bands of the whole-spectrum analysis. Therefore, the efficacy of an F0-compensation procedure (cf. Van Alphen, 1992) was investigated. Furthermore, an extrinsic normalization procedure was applied; extrinsic indicates that the vowels are normalized according to general properties of the speaker concerned, such as the speakers' average spectrum; this can be contrasted with intrinsic normalization, which implies that a vowel is normalized according to properties of the vowel itself, such as the fundamental frequency (cf. Disner, 1980; Nearey, 1989; Bakkum et al., 1993) . An attempt has also been made to describe the dynamic behavior of the vowels: Vowel-inherent spectral change is assumed to play a role in vowel perception and it presumably is of major importance for the diphthongs (cf. Pols, 1979) . In formant analysis, intrinsic as well as extrinsic normalization procedures (cf. Traunm•iller, 1981) and frequency transformations (in order to achieve an optimal agreement with the characteristics of auditory perception; cf. Syrdal, 1985; Miller, 1989) could be applied; the implications for our data were examined.
I. MATERIAL
All possible Dutch vowels were considered in this study. The 15 vowels (12 monophthongs and 3 diphthongs, as given in Table I ) were pronounced in a meaningful conso-nantal context (CiVC 2 words), this in contrast with the vowels in the (mostly) meaningless/h-'t/context as used with the adult males (Bakkum et al., 1993) . It was regarded as necessary that the very young speakers were familia•r with the words. ,
A. Recordings
The 48 native Dutch speakers ranged in age frc.m 6 to 12 yr. Twenty-four of them, twelve boys and twelve: girls, had normal hearing. They may be considered to be norn•al speakers of standard Dutch and they will be referred m as norm speakers. The other 24 speakers, 12 boys and 12 girls, were prelingually deaf pupils of an institute for the deaf. Their hearing loss, measured at the best ear and averaged over 500, 1000, and 2000 Hz, was 106 dB on the average, with a minimum of 83 dB. The 15 meaningful C•VC• words, including all vowels, were presented to all 48 speake::s in written form on cards. They were asked to read out tlq½ words at a normal level, without exaggerated stress or m•:iculation. Each speaker contributed one token of each vowel target, so that the variation for a given vowel reflected interspeaker differences only.
All recordings took place in office rooms of lhe speakers' school or institute, which were neither completely insulated nor anechoic. Recordings were made on a DAT recorder (Sony 55-ES for the deaf; Casio DA-7 for the normal heating), using high-quality microphones (Sennbeiser MD-441 for the deaf; Bruel & Kj•er 4003 with amplifier Bmel & Kj•er 2812 for the normal heating), followed by a high-pass filter (190 Hz, 12 dB/oct) to eliminate ambient lowfrequency noise.• The words were sampled at 20 kHz by the 12-bit A/D convertor of a comprehensive audio :4gnal processor, after low-pass filtering (7.4 kHz, 60 dB/oct).
B. Segmentation
The vowels were isolated from the consonantal context by an automatic segmentation procedure that made use of changes in overall level and spectrum, as measured in frames of 12.8 ms (see Sec. II A 1). In order to examine (and occasionally to correct) the segmentation, the oscillograms of the words were displayed and the segments chosen could be made audible. To avoid abrupt onsets and offsets, cosineshaped rising and falling windows were applied to the first and last frames. Average durations of the different vowels are given in Table I . Within the norm and deaf groups no significant differences were found between boys and gi;ls, so no separate results are given for both sexes. The vowels of the normal-hearing children show longer durations ard greater variability than the vowels of the normal-hearing adult males, as reported by Bakkum et al. (1993) . This is partly due to the different consonantal contexts in which the vowels have been pronounced: Vowels followed by 'a plosive (e.g., /t/) generally are shorter than vowels followed by fricatives or sonorants (cf. Nooteboom and Cohen, i984, pp. 130-131). As was the case with the deaf adult inales, the deaf children show substantially longer durations. On the average the lengthening is 82%, while in general lengtlhening for "long" vowels is greater than for "short" olies.
II. OBJECTIVE ANALYSIS

A. Whole-spectrum analysis 1. Description of analysis method
To perform the whole-spectrum analysis, a set of 16 contiguous bandpass filters has been developed, as argued for by Bakkum et al. (1,989, 1993) . The filter set covers a frequency range of 90-7200 Hz. The cutoff frequencies (-3 dB) of adjacent filters are coinciding and the slopes of the recursive, third-order, elliptic filters are such that attenuation at the center frequencies of the adjacent filters is more than 20 dB. The filter set was designed as a first-order approximation to the concept of the cat's critical bands, with filter bandwidths of 1/3 oct, except for the lowest three filters, which had a fixed bandwidth of 90 Hz (cf. Zwicker and Terhardt, 1980). To enabl[e fast and accurate processing, the filter set was implemented on a real-time digital analysis system. Filter band and overall sound-pressure levels in decibels are calculated within a frame window of 12.8 ms.
FO compensation
Usually, vowels are voiced, which i•nplies that they generally evoke a sensation of pitch, and that they are characterized by a harmonic structure. Because the lower-frequency filters have, in the absolute sense, small bandwidths, harmonics in a particular band raay be missing, so that soine filter band levels will be low. This is especially the case for high fundamental frequencies (F0), as with most vowels pronounced by children (see Table I ). The problem is illustrated by Fig. 1 : For F0 up to 5;70 Hz, frequencies of the different harmonics (fl-f7) are indicated by straight lines; passbands (-6-rib boundaries) of the first nine filter bands are indicated by hatched hori:,•ontal areas. It is obvious that in the dark shaded areas no harmonics are present in the filter bands concerned and that this may play an important role for the first seven filter bands. It will result in F0-dependent gaps in the vowel spectrum that are related to the harmonic structure but not to the pronunciation quality. With regard to the latter we are interested in the modification of the harmonic structure by the vocal tract :resonances, as represented by the spectral envelope. In order to avoid F0-dependent differences when comparing the spectra of various vowels, we applied an F0-compensation procedure without modifications of the filter set itself, as described by Van Alphen (1992): For every 12.8-ms spectrum, local spectral gaps (one or two filter bands "wide") were smoothed by a linear interpolation between the levels of the neighboring filter bands (see Fig. 2 ); if a gap occurred at the first filter band, then its level was made equal to that 'of the second filter band. Care must be taken to avoid confusing the F0-dependent gaps with valleys related to the spectral envelope (formant structure) of the vowel: For that reason, the F0-compensation procedure was applied only to the six lowest filter bands. Though the procedure introduced a form of (local) distortion into the spectra, we believe that the comparison of the (global) spectral envelopes, which are of most interest for our analysis, did benefit froIn it. cording circulnstances and apparatus, resulting in different average spectra, were removed by a group nommlization procedure. The difference between the average spectra of both groups was calculated, and then the individual vowel spectra of the deaf speakers were corrected by subtracting this difl%rence specmnn. Henceforth, the resulting individual spectra will be referred to as basic. Pronnuciation quality .-ather than vowel quality in general was under investigation, and therefore we were not rely interested in the unchanging, speaker-specific characteristics determined by the size of the vocal tract and by the shape and functioning of the sound-production source. To compensate for the spectral effects of such nonarticulatoty interspeaker variation, a simple extrinsic speaker-normalization procedure was applied which has been used successfully by (1993). The average decibel spectrt.,n of all vowels pronounced by one speaker was calculated and this speakerspecific spectruln was subtracted from the individual vowel spectra of that speaker. However, spectral interspeaker variation caused by speakers' fixed articulatmy characteristics, such as nasalization, was also eliminated by this procedure.
In the cases that these characteristics were relevant with respect to pronunciation quality, the compensation was too extreme: Ovemorlnalization rimy have occur.-ed.
A static and a dynamic approach
In the static approach the dynamic spectral information was eliminated by calculating the average spectrum over the complete vowel duration (which will be referred to as the static spectrum); by doing so, the number of variables to be processed was largely reduced. We assnmed that, in assessing pronunciation quality, the vowel-inherent spectral change is less important than the average spectrum of the nearly steady-state part of the vowels (see Nealey, 1989) . For male vowels, such an approach applied quite well, even for the diphthongs (Bakkum et al., 1993) .
However, vowel-inherent spectral change certainly plays a role in vowel perception (see, among others, Nearey and Assmann, 1986; Fox, 1989; Pols and Van Son, 1993) . The spectral (formant) information, both at the nearly steadystate part [often called vowel nucleus or (formants') endpoint] and at the vowel onglide and offglide (following and preceding the consonantal transitions, respectively), is generally considered to be most important. Therefore, we applied a dynamic approach, comparable with the dynamic vowel specification by Strange (1989b) : Every vowel was represented by the spectra (averaged ove• a time window of 25.6 ms) at three different points of tin]e: at the initial (onglide) and at the final (offglide) part, and at the center (nucleus) of the vowel. The center was defined as the point of time at which the spectrum deviates maximally from both the initial and the final spectrum. By such a time alignment method the dynamic spectral behavior of the different vowels could be compared objectively, leax ing the durational variation aside. 
Spectral variance
The total variances in all 16 filter bands, which are shown for norm and deaf speakers as bold solid curves in Fig. 3 , express the information conveyed by the basra spectra as resulting from the static approach. No systematic difference between boys and girls could be observed. The total variance consists of three parts:
(1) Vowel-dependent variance is the variance of the 15 vowel spectra, averaged over all speakers (dotted curves). In general, the vowel-dependent variance is largest in the midrange. The norm speakers show larger vowelsdependent variances than the deaf speakers, indicating better vowel separation and, correspondingly, more clear vowel pronunciation.
(2) Speaker-dependent variance is the variance of the 24 speaker-specific spectra, averaged over all vowel,,; (broken curves). For both groups, the speaker-dependent variance in the first two filter bands is relatively large. This is caused by the variation in F0 values: The compensation procedure (see Sec. 11 A 2) cannot deal completely with filter bands below F0. However, for males, and most likely also for children, it has been shown betbre that the frequency region covered by these two filter bands (under about 260 Hz) is not i nportant with regard to the pronunciation quality of vowels (Steeneken, 1992; Bakkum etai., 1993) . Therefore, these bands will be disregarded further on. Apart from the two lowest and two highest filter bands, the speaker-dependent variance of the norm speakers is small: their speaker-specific spectra agree well with each other. The deaf speakers show somewhat larger speaker-dependent variances, tout their speaker-specific spectra agree reasonably well with each other, too. It seems that, apart from variations in F0, the speakers did not show extremely large fixed articulatory or nonarticulatory deviations, at least not those deviations that would have resulted in large spectral variation.
(3) The residual variance is a consequence of differences in pronunciation of the same vowel by different speakers (thin solid curves). The residual variance of the norm speakers is certainly not negligible, although their pronunciation quality is supposed to be quite high: Obviously, a certain tolerance in the spectra does exist. However, the residual variance of the deaf speakers is larger, indicating that their pronunciation quality varies more, as expected.
B. Representation in a reduced spectral space
The different dimensions of vowel spectra (levels in the separate tilter bands) are highly correlated so the spectral information can be reduced to a representative lowerdimensional space by a robust method of dimensionaltry reduction: principal components analysis, followed by a Varimelt rotation to facilitate the interpretation of the new dimensions or componeqts (cf. Hannah, 1967; Bakkum et al., 1993). The first new dimension, with directions given by cosines relative to the original dimensions, explains most of the original variance and thus is believed to convey most information. Then a second, orthogonal dimension explains most of the remaining variance, and so on. All vowel spectra can be transformed to their coordinates in a space defined by the first two dimensions; this results in a simple, but effective visualization of the vowels. A PCA, followed by a Varimax rotation in two dimensions, was applied to the F0-compensated and speakernormalized static vowel s9ectra of the norm speakers to obtain a two-dimensional norm subspace for Dutch vowel pronunciation by children. The vowel spectra of the deaf speakers were projected in the norm subspace to examine the degree of agreement with correctly pronounced vowels. The explained variance in the norm subspace is 76% for the norm and 70% for the deaf speakers (see Table II ). Applying a PCA to the basic rather than to the speaker-normalized vowel spectra of the norm speakers results in less explained variance: 72% and 66%, respectively. When applying a PCA to the speaker-normalized vowel spectra of deaf speakers, the direction cosines determining the subspace differ in detail only. The explained variance in their own subspace is 72%, only slightly larger than in the norm subspace. Figure 4 shows the direction cosines of the norm subspace. In Fig. 5 the various monophthongs are plotted in the norm subspace, for both groups. The centers of the ellipses represent the values averaged over all speakers of each group. The long axes correspond with the directions in which the interspeaker variance for each vowel is maximal. The orthogonal short axes represent the remaining variance. The lengths of the axes represent twice the standard deviation. Diphthongs are not included for their vowel-inherent spectral change is very large and varies greatly across different speakers, especially with respect to durational aspects. Therefore, describing them by "static" spectra seems to be TABLE II. Variation of the vowel spectra for groups of 24 norm and 24 deaf children. Total variance is given for basic, as well as speaker-normalized 14-dimensional spectra of all 15 vowels. Explained variance is given for data projected in a three-dimensional subspace defined by a PCA on the vowel spectra of the norm speakers. Also given are the total and overlapping area and the resulting separation of the ellipses of 12 monophthongs as shown in Fig. 5 . All data (except for the separation values) are given in dB z. inappropriate; it will result in large ellipses, which by nature overlap with the monophthongs. The less the ellipses in Fig. 5 overlap, the better the monophthongs can be distinguished. 'A measure for separation, used by Disher (1980) to evaluate normalization procedures, is the nonoverlapping area as a percentage of the total area occupied by the ellipses. Separation is 76% for the norm speakers and only 40% for the deaf speakers. The efficacy of the speaker-normalization procedure can be illustrated by the fact that, without applying it, the separation is only 57% and 25%, respectively. 
The dynamic approach (Sec. II A 4) gives some insight
C. Formant analysis
Description of anal;sis method
Formant analysis is the second approach in objectively assessing the vowels. The formant frequencies were estimated by an LPC analysis, using the Split-Levinson algorithm (see Willems, 1986 ). The fundamental frequency was measured ,as well, using an algorithm given by Reetz (1989) , which is based on the detection of glottal pulses. The complete vowel segments as described in Sec. I were analyzed with a 25.6-ms Hamming window that was shifted in steps of l0 ms. The 720 vowels were downsampled to 10 kHz, after digital low-pass filtering at 4.5 kHz, thereby decreasing the number of formants that can be estimated. However, the formants below 4.5 kHz, which certainly are the most important ones with regard to pronunciation quality, could be estimated with greater accuracy. Especially for children's speech, characterized by high fundamental frequencies, the choice of the LPC order has to be made deliberately. For instance, an LPC the order six proved to be most appropriate. For the vowels lul, Iol, and 131, the order eight resulted in correct estimates, generally. In most cases of coinciding F 1 estimates and F0 values, the order eight or ten was chosen. For many of the diphthongs, especially for/ou/and lay/, we did not succeed in choosing a single correct LPC order for the complete segment; in those cases the optimal order for the initial part was chosen, and we estimated the formants of the final part (the glide) by closely examining the displays of the different LPC spectra. Furthermore, errors in the F0 values (caused by octave jumps or by the fact that the algorithm generated a value zero whenever the pulse detection failed) were corrected by interpolation or by estimating the fundamental frequency from the vowel's oscillogram. Obviously, the formant analysis procedure was very time consuming.
Normalization
An advantage of the present analysis program was that an intrinsic normalization could be applied in which the measured The vowels pronounced by the normal-hearing children were well separated in the norm PCA subspace, though their internal variation and overlap were somewhat higher than they proved to be for norm adult males (Bakkum eta!., 1993). In general, the deaf children made us of a limited part of the subspace. They showed a reduction of many vowels; projections of their vowels on the subspace tended to take more central positions, approaching loci. The reduction was yet less apparent than it proved to be for the deaf adult also true for intrinsic (FO) normalization in the formant approach, but a combination of both normalization procedures did not significantly improve the separation: Applying speaker normalization only seems to be sufficient. Suggested frequency transformations (to logarithmic and Bark scales) resulted in only slightly higher separation values, but they surely led to a more uniform spacing of the vowels along the F1 and F2 axes.
III. SUBJECTIVE ASSESSMENT
Subjective experiments can provide more specific evidence about the relation between pronunciation quality of the vowels and their objective descriptions by the whole spectrum, by the PCA dimensions, or by the formants. They may also shed light on the implications of normalization procedures and time averaging for the objective assessment of vowel pronunciation. Therefore, two simple but essential subjective experiments have been carded out, which could be performed with untrained listeners. In the magnitude estimation experiment, listeners were asked to assess the vowels; they were emphatically instructed to judge pronunciation quality, not vowel quality in general, and to disregard durational differences as far as possible. In the identification experiment, listeners were asked to name the vowels. males. The deaf children's vowel configuration in the F 1 -F2 domain showed a reduction, too, so it appears that they are less capable of realizing extreme formant frequencies (cf. Gold, 1980) . The range of mean F1 values reduced ti-om 747 Hz (see Table I ) for the normal hearing to only 483 Hz for the deaf children; the F2 range reduced from 1428 to 1208 Hz. In a comparison between normal-hearing and deaf boys, Angelocci et al. (1964) reported a reduction of the FI range from 655 to 330 Hz and a reduction of the F2 range from 1715 to 1148 Hz. Especially, the reduction of the F2 range was more apparent than in our research; however, this is not that much a consequence of a larger F2 range of the deaf speakers in our study, than rather of the smaller F2 range of the norm speakers, due to the lower F2 values we obtained for their front vowels (see Sec. II C). Furthermort:, both in the norm subspace as well as in the F1-F2 domain, the vowel ellipses of the deaf children were large, compared to those of the normal-heating children; this indicate:; an enlarged overlap and a substantial variation in pronunciation quality.
A. Magnitude estimation
In displaying vowels, the whole-spectrum+PCA approach and the formant approach were quite comparable. This conclusion is supported by the separation values for norm speakers' vowel ellipses which were of the sarae order for both approaches (see Tables II and Ill) were presented individually to listeners, who assigned a value, corresponding with his/her perceptual judgment of the pronunciation quality of the vowel. The method permitted many vowels to be assessed quickly, and it has proved to be accurate and reliable when a sufficient number of listeners is used (Bakkum et al., 1993) . Therefore, the final assessment was derived from the combined estimations of 16 listeners.
In order to limit the required time per session, the boys and girls were judged separately; every listener had to judge the vowels of 24 speakers. The 15 vowels of one speaker were presented in succession to the listener. This corresponds with actual diagnostic procedures, but a consequence of this may have been that a speaker was "classified" as good or poor after the first vowels, so that the subsequent vowel judgments may have been biased: In that case, even poor vowels of a "good" speaker might have been estimated as quite good whereas good vowels of a "poor" speaker might have been estimated only as moderate. For each listener, the order of the 15 successive vowels was fixed for the 24 speakers; getting accustomed to this order simplified the task and prevented any confusion with regard to the intended vowel. To eliminate order effects, this vowel order varied over the 16 listeners in a Latin-square design; since the number of vowels was odd and not equal to the number of listeners, digrambalancing could only be approximated (see Wagenaar. 1969 ). The order of the 24 speakers also varied over the 16 listeners, again as prescribed by a Latin square. 
Listeners
The listeners were 25 normal-hearing native speakers of Dutch, 18 of whom were students and 7 colleague researchers. Seven of these listeners judged the vowels of both the boys and the girls, but in two different sessions; the remaining eighteen listeners judged the vowels of only one of these groups. The listeners participated individually, in a soundproof room. The vowels were presented to the listeners binaurally by headphone (Sony MDR-CD999) at a sensation level of 70 dB. All 24 lists of 15 vowels that had to be assessed (one speaker in every list) were alternated with the 24 lists of 15 vowels to be named (identification experiment; see below Sec. III B). In the magnitude estimation experiment, the listeners were instructed to circle a number between 1 and 7, corresponding with the perceived pronunciation quality (1 stands for very poor, 7 for excellent). On the response sheet, beside the numbers, the intended (target) vowel was given. For familiarization with the task, each listener first had to judge the vowel set of one additional deaf child. The total experiment took about one hour per listener; the students were paid for their participation; the others were unpaid volunteers. (from 1 to 7) for the majority of listeners; however, a not inconsiderable minority tended to be not too critical once they had understood the vowel as corresponding with the target: Both in the group that judged the girls as well as in the group that judged the boys, 7 out of the 16 listeners estimated more than half of the norm vowels as "excellent" (value 7). Combining the estimations of the 16 listeners compensated for these individual differences and led to aggregate magnitude estimations for every vowel and speaker. No obvious differences occurred between the ratings for boys and girls; therefore, no distinction will be made further on. Per vowel, the average value and the standard deviation of the aggregate magnitude estimations of the 24 speakers per group (norm versus deaf) are given in Fig. 9(a) . The results of the assessment of the complete vowel set (the average rating of all 15 vowels of one speaker) are labeled as "overall."
Results
Individual differences in this way of assessing pronunciation could be shown by comparing the distributions of magnitude estimations. It appeared that the magnitude estimations were distributed quite well
A two-way repeated measures analysis of variance with speaker groups as the between-cells factor and vowels as the within-cells factor showed that group effects on the ratings were highly significant IF(1,46)=212.0, p<0.001]. The group by vowel interaction was also significant [F(14,644) =4.96, p<0.001]. We applied a one-way analysis of variance to the assessment of the individual vowels, and of the complete vowel set ("overall"). Group effects proved to be highly significant [see Table IV ; vowel /a/: F(1,46) --16.54, p<0.001; all other vowels revealed higher F ratios]. The norm and deaf groups can be considered to be separated for all vowels.
B. Identification
Procedure
In the subjective identification experiment the isolated vowels were presented to the listener, who had to name them, choosing from the 15 vowels possible in Dutch. The task was simple and very essential with regard to daily communication, but a disadvantage of the method was that the pronunciation quality could only be assessed roughly: Once vowels were correctly identified, no perceptual differences could be revealed. Nevertheless, the identification scores accumulated over 16 listeners are assumed to give at least an indication of the pronunciation quality of the vowels. To limit the time per session, the 15 vowels of the 24 boys and the 24 girls were named by two different groups of 16 listeners. The vowels were presented in random order, with the TABLE IV. Significance levels of group effects in assessing vowel pronur• iation by two subjective methods [groups of 24 norm and 24 deaf children; one-way analysis of variance for the assessment of separate vowels, given per vowel and for all vowels of all speakers together (toQ, and for the assessment of the complete vowel set per speaker (overall)]. Also given are the correlation coefficients between the vowel ratings, obtained fi'om both methods, for beth groups separately and for all speakers together. for the first eight listeners and was reversed for the remaining eight listeners.
Listeners
The identification experiments were performed in the same sessions as the magnitude estimation experiments, so the same listeners participated (see Sec. Ill A 2). They were instructed to write down the perceived vowel on the response sheet. For familiarization with the task, each listener first had to name a list of 15 vowels of some additional deaf and normal-hearing children.
Results
As expected, the vowels of the norm speakers were identified correctly more often than those of the deaf (83% and 43%, respectively, for all vowels of boys and gir!s). The ability to identify the vowels varied somewhat over the listeners. The individual correct-identification scores, for all vowels of norm and deaf speakers, varied between 56% and 69%, but these differences were compensated for by aggregating the results of 16 listeners: For every vowel utterance, the identification rate was defined as the percentage of the 16 listeners that named it correctly. No obvious differences occurred between the identification rates for boys and girls. The averaged identification rates are given per vowel in Fig. 9(b) , for the norm and deaf speakers separately.
A two-way repeated measures analysis of variance with speaker groups as the between-cells factor and vowel:; as the within-cells factor showed that group effects on the identification rates were highly significant [F(1,46)=:139.7, p <0.001 ]. The group by vowel interaction was also significant [F(14,644)=4.28, p<0.001 ] . We applied a one-way analysis of variance to the individual vowels. Group effects proved to be highly significant for all vowels but the/a/[see F(1,46)=4.44, p<0 .05; all other vowels revealed higher F ratios]. Therefore, the norm and deaf groups can be considered to be separated for all vowels but the/a/.
Representation in a two-dimensional perceptual space
Using the results of Ihe identification experiment, all vowels could be projected in an n-dimensional perceptual space by a procedure adopted from Kruskal (1964a,b) . The configuration in such a space provides information about the degree of similarity of the various vowels and, if the number of dimensions is limited to two, it can be compared directly with the configurations in the PCA subspace and in the F 1 -F2 domain (as obtained in Sec. II). The Kruskal procedure was based on the (576X576) mutual dissimilarity matrix of all individual monophthongs, which was calculated from the (576X 12) confusion matrix of the identification experiment in a way described by Klein et al. (1970) . The procedure started by representing all 48• 12 vowels as points in a twodimensional space, in an arbitrary start configuration. Iteratively, the configuration of points was changed in such a way that, finally, the mutual distances did optimally agree with the calculated dissimilarities. A computer program has been developed to apply the procedure to such large numbers. It resulted in vowel representations for the norm and deaf as given by Fig. 10. The stress To demonstrate the extent of agreement between both methods, the magnitude estimations of all monophthong utterances are plotted against the identification rates (Fig. 11 ). the norm speakers obviously lies higher than the regression line of the deaf speakers: Though a deaf vowel might have been well intelligible, the pronunciation quality was apparently considered as lower than the pronunciation quality of a norm vowel with the same intelligibility. This group effect in the magnitude estimation results may have been due partly to the appearance of a bias (as discussed in Sec. IlIA 1), and partly to the fact that other quality aspects have been taken into consideration: Deviations in vowel duration and voice quality, which appeared most often for the deaf vowels, had a greater influence on the magnitude estimation than on the identification rates. The agreement between the identification rates and the magnitude estimations is given quantitatively in Table IV : Correlation coefficients were calculated per vowel, for all vowels of all speakers together ("tot"), and for the assessment of the complete vowel set per speaker ("overall"). For the norm and deaf speakers together the correlation coefficients were high. Even when considering those groups separately, the correlation proved to be significant in all cases but two (vowels/e/and/nil of the norm speakers: As can be seen in Fig. 9 , the variance between the ratings of the different utterances of these vowels is very small, while the average values are very high; this almost inevitably results in a low correlation).
The fact that correctly identified vowels show quite a large spread in magnitude estimation scores indicates that moderate deviations from the reference pronunciation quality do
From these results it can be concluded that both magnitude estimation and vowel identification can be used to assess vowel pronunciation. Magnitude estimation provides quantitative information about the extent to which the utterance has approximated the (ideal) target vowel, whereas identification provides qualitative information about the relation of the utterance with the complete set of (Dutch) vowels [as can be visualized in a perceptual space (Fig. 10) ].
IV. COMPARISON OF OBJECTIVE ANALYSIS AND SUBJECTIVE ASSESSMENT
A. Reference vowels and spectral distances
We investigated how differences between filter band spectra, PCA levels, and formant positions of the various utterances were related to the judgments of pronunciation quality. For each vowel category, objective assessment of pronunciation quality of individual utterances could be derived from distances to a reference, being an utterance of good quality. Obvious choices were the utterances that obtained the highest aggregate magnitude estimations for the particular category. Their representations in the PCA subspace and in the FI-F2 domain proved to be located near the averages of the norm speakers, but in most cases they were somewhat more extreme (cf., for synthesized and natural male vowels , Cohen et el., 1963, 1967; Bakkum et el.,   1993) . The average vowel representations of the norm speakers might also serve as references, assuming that their pronunciation quality was high, compared with the deaf speakers' pronunciation quality. Further on, these two reference sets will be referred to as best judged and average norm, respectively. et al. (1993) , who concluded TABLE V. Comparison between various objective distance measures and subjective distances, obtained from •nagnitude estimation. The six right-most columns give the average correlation coefficients for each mom)phthong, the monophthongs without significant correlation, and the correlation coefficient between objective and subjective overall assessment per speaker, respectively, for two different reference sets. 
Spectral distances between (static or dynamic) vowel representations can be calculated in a variety of ways. An overview is given by Bakkum
Individual vowels: The static approach
For each vowel category, the correlation has been calculated between objective spectral distances and subjective perceptual deviations of the vowels of the 24 norm and 24 deaf speakers; the latter have been defined as distances to the ideal score (7) in the magnitude estimation experiment; the objective distances have been derived for both reference sets. In the case of the "best judged" reference set, the references themselves have been excluded from the calculations; since they were defined to have zero objective distances, they might have altered the correlations without a clear raeaning. In the case of the "average norm" reference set, the, spectral distance of a particular norm utterance has been calculated with the average of the remaining 23 norm utterances as the reference. Incorporating the particular utterance in the reference would unintentionally reduce its spectral distance, and therefore favor the norm speakers.
The results are summarized in Table V . For each measure the average correlation coefficient of the 12 rnonophthongs is given. The correlation proves to be significant (at a strict 1% level) in most monophthongs; given are the monophthongs without significant correlation. One-way repeated measures analyses of variance have been conducted for all pairs of measures (and for both reference sets) to calculate the significance levels of the differences between the correlations obtained by these measures. A different choice of the reference. set results in different spectral distances and thus in different correlation values, but none of the reference sets canbe preferred purely on the basis of our data. For the best judged reference set, the F0-compensated basic spectral measure (1) yields an average correlation coefficient of 0.62, significant in all monophthongs but the/e/. Analysis of adult male vowels (Bakkum et al., 1993) revealed that filter bands 3-13 (260-3600 Hz) were most important with regard to pronunciation quality. In the present experiments, concerning vowels with high fundamental frequencies, the first two bands were excluded by definition (see Sec. II A 5). Excluding the highest filter bands from the distance calculations revealed that filter bands 3-t4 ( F(1,11)=13.507, p=0.004, and F(1,11) =15.692, p = 0.002, respectively], but the correlations themselves are still significant for most w)wels. Speaker normalization improves the results substantially [compare (6) with (5), F(1,11)=4.406, p=0.060 ; for the average norm reference set the improvement is significant: F(1,11) Table V ).
The same objective distances have also been compared with the subjective deviations, obtained from the identification experiment. The results of the vfirious measures showed the same tendency, but, in general, the average correlation coefficients were lower. The correlation was nonsignificant for more vowels.
Individual vowels: The dynamic approach
Applying the dynamic approach does not significantly change the results for the monophthongs: Compare measure (12), based on the spectral trace (a three-point representation in 12 filter band dimensions) with (3), (13), based on the PCA trace (a three-point representation in two PCA dimensions) with (6), and (14), based on the formant trace (a three-TABLE V[. Comparison between variou:; objective distance measures and subjective distances, obtained from magnitude estimation. Given are the average correlation coefficients of the three diphthongs and the diphthongs without significant correlation, for two different reference sets. Speaker normalization has been applied in all cases; the number of dimensions is 12 fo.r the spectral, and 2 for the PCA and formant measures. As can be seen in Table VI , the results based on two PCA dimensions show the same tendency. Though the results based on formants are obscured by the difficulties in estimating the diphthongs' formants (see Sec. IIB), in this case the agreement is also optimal for the two-point traces.
For completeness, we also calculated the correlations between the subjective scores and the absolute deviations from the reference vowels' durations [measure (15), Table   V ]. Though the listeners were instructed to disregard those deviations, the values are still quite high. Nevertheless, we believe that such a duration measure is confounded with the spectral measures to a large extent: Durational deviations mainly appeared for the deaf children, who also showed the largest deviations in pronunciation quality. Therefore, the results cannot lead to conclusions about the effect of durational deviations in themselves.
& Complete vowel sets (overall assessment per speaker)
For each speaker, the objective overall distance was defined as the average objective distance of all monophthongs of that speaker to a certain reference set. In a comparable way the subjective o•:erall deviation was expressed as the average subjective deviation, based on the magnitude estimation experiment. Conelation coefficients between objective and subjective overall distances for 48 speakers are given in Table V , for both reference sets. All overall correlation coefficients appear to be quite high; measures based on the speaker-normalized spectra] and PCA levels and those based on the formants yield comparable results. Only measure (15), based on duration, yields lower correlations. In Fig. 13 diagrams are given representing the subjective versus the objective overall distance, based on measures (3) and (6) with the best judged reference set. Along both axes, the separation between the norm and deaf speakers is almost co•nplete, which largely explains. the high correlation coefficients. Only one of the deaf speakers seems to be classified, subjectively as well as objectively, in the norm group. Within the subgroups, however, the relation is not as good as it was for the adult male vowels (cf. Bakkum et al., 1993).
V. GENERAL DISCUSSION
As stated in the Introduction, the adequacy of an objective description of vowels depends on a number of important factors. The analysis by a static whole-spectrum approach properly fulfills those factc,rs. Most important is the agreement with subjective assessment. For the children's complete vowel sets, the objective assessment of the pronunciation quality, derived from •Ihe spectral distances to a set of reference spectra, correlates well with the subjective assessment, derived by magnitude estilrtation. For most of the individual vowels, the correlation alsc, proves to be significant, though the spread around the regression lines is substantial (Fig. 12) It must be realized that the results of the magnitude estimation cannot be considered as an indisputable assessment of pronunciation quality: The fact that all vowels of one speaker are judged consecutively, corresponding with actual diagnostic procedures, may have biased the ratings (see Sec.
IIIA 1). Furthermore, though the listeners were instructed to judge pronunciation quality, voice quality as well as durational aspects will probably have had some influence on the judgments.
The whole-spectrum approach may be considered to be a first-order approximation of the concept of the ear's critical bands, which is a basic model of auditory perception, and the filter band spectra are readily interpretable. A data reduction by PCA enables a display of the vowels in a two-dimensional subspace. The resulting vowel configuration is similar to the configuration of the same vowels in a perceptual space, as obtained from the confusion matrices of the identification experiment (compare Figs. 5 and 10) . Agreement between objective distances in such a two-dimensional PCA subspace and the subjective assessment by magnitude estimation is quite high for the children's complete vowel sets, and still significant for most of the individual vowels. Furthermore, the representation of the vowels in the PCA subspace resembles the representation in the F1-F2 space (see Sec. IID). In both the PCA as well as in the formant domain (Figs. 5 and 7, and Tables II and IV) the different monophthongs of the norm speakers are well separated, whereas the monophthongs of the deaf speakers show considerable overlap; many utterances are reduced towards oe. However, the reduction is less striking for deaf children than it proved to be for deaf adult males (Bakkum et al., 1993) . This may be due to a deterioration of vowel pronunciation after the male voice mutation; it could also be caused by the recently improved vowel training procedures at the Institute for the Deaf. On the other hand, the separation of the normalhearing children is less apparent than it was for the normalhearing males; apart from the larger spread in pronunciation quality, an important factor is the great variation in fundamental frequencies of the children's vowels. An F0compensation procedure (Sec. II A 2) proved to be very useful. Speaker normalization also appeared to improve the separation of the monophthongs. In the comparison between the whole-spectrum analysis and subjective assessment, both F0 compensation and speaker normalization improved the agreement. The fact that some modifications are needed indicates that the whole-spectrum approach in itself is no perfect model of peripheral auditory analysis. These modifications may reflect underlying perceptual processes, such as adaptation to a speaker, but we believe that such perceptual processes are far more subtle than the straightforward procedures we used. In the formant domain, only a slight improvement of the correlation with subjective scores could be achieved by either extrinsic or intrinsic normalization; the separation of the monophthongs, however, did take benefit of both normalization procedures. First, speakers' average formant values are a limited cue to normalize individual vowels and, second, there is a relevant, but not dominating relation between the fundamental frequency and the formants. Apart from that, it appears that in expressing formants a logarithmic or Bark scale is preferable to a linear scale.
We also studied the dynamic aspects of the vowels. Average results (Figs. 6 and 8) show that vowel-inherent change is minimal for the monophthongs [though three of them (/e/,/o/, and/qb/) show diphthongization effects], but large for the diphthongs. Not surprisingly, applying a distance measure based on such dynamic traces does not yield an improvement for the monophthongs. For the diphthongs, however, an improvement can be achieved if only the initial and final spectra are incorporated in the measure. This is in agreement with results of Pols (1979) and Bakkum et al. (1993) . They concluded that the quality of the initial part determines to a large extent the perceived quality of the complete diphthong; only a part of the glide, pointing in the right direction, needs to be present.
The whole-spectrum approach will not account for all aspects of vowel perception, but it provides a useful model of pronunciation quality for evaluating (deaf) vowels. A model based on two formants yielded reasonable, but lower results, comparable to the results of a model based on two PCA dimensions. The concept of formant analysis as an auditory model appears to be comparable with the concept based on a whole-spectrum analysis followed by PCA, provided that the formant estimation is performed accurately. However, whole-spectrum analysis, possibly folk.wed by PCA, is a more robust and determinate approach lhan formant analysis; the latter may result, in the case of poorly defined formants, in errors of omission, and, if an aatomatic extraction procedure is applied, in underestimations of both F1 and F2 (see Sec. II D). For children's vowels;, the formant analysis procedure proved to be not suitable for a realtime application. The whole-spectrum analysis, on the other hand, needs limited computational effort; it can be performed in real time, with as well as without projection in •:he PCA subspace. It can therefore easily be implemented in .a speech training and observation system, which can be utilized by the deaf or by second language students to improve their pronunciation. Moreover, when using normalization and F0compensation procedures, it can handle a wide variety of vowels and speakers. The fact that children's vowels can be handled too is very promising, since (deaf) children make up one of the main target groups in possible applications of objective analysis in vowel training [cf. the phoneme identification and display procedure by Arends (1993) ].
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•The gently sloping high-pass filter, which was primarily meant to eliminate the 50-Hz noise caused by the power mains, somewhat reduced the output of the first filter band. However, the amplitude of a vowel's fundamental is always rather high, so that if the fundamental frequency occurred within the first band then it was still present (though slightly reduced) after high-pass filtering; in the cases of a higher F0 the high-pass filter did not make any difference at all. Anyway, as argued for in Sec. II A 5, the first two filter bands were not included in most analyses. 2In our case, using third formant (F3 or F3-F2) values as the second dimension, as suggested by, among others, Traunmfiller (1981) :red Syrdal (1985) , resulted in inferior separation of the vowels.
3The separation values calculated according to our definition represent a quite arbitrary measure, not an absolute one, for they are based on group ellipses, not on individual data. Highly deviating utterances may lie outside the vowel ellipses; such utterances may have been identified incorrectly, whereas the separation may still be 100%. This is the case for the norm speakers: Defining a vowel to be correctly identified if the majority of listeners assigned it to the correct category results in a correct identification of only 94% of the norm vowels, whereas the calculated separation was 99%. Using the same definition, 50% of the deaf vowels has bee, n identified correctly, whereas the separation (averaged over girls and boysl was 34%.
